Seven English monothong vowels were studied in continuous sentences. The purpose of the study was to determine what methods are likely to be successful in compensating for coarticulation in all vowel and consonantal contexts. A method by Kuwahara has been examined in detail. The Kuwahara compensation improves the separation of the vowel regions in a space composed of the first and second formant. Important issues are where to measure the formant 'target" frequencies, how to obtain good formant tracks, measuring speaking rate accurately, and how to label vowels accurately.
Introduction
Vowel coarticulation, that is the propensity of nearby phonemes to alter the characteristic frequencies of vowels, is a problem in continuous speech recognition. The effect of a nearby liquid or glide (i.e., 111, /rJ, Jy/, or jwJ) is very large. Some back vowels are actually effected so much by a consonant that they become Ufronted." Using a conventional classifier on these vowels results in a misclassification. Also continuous speech tends to centralize the formant frequencies of all vowels, especially those with secondary stress.
Coarticulation has been studied by several groups in the last 15 years using isolated CVC or VCV words and these words embedded in carrier phrases. Stevens and House [Z] studied the perturbation of vowel formant target frequencies by consonantal context. They studied yy American English vowels. They concluded that vowels in symmetrical CVC environments are centraliied relative to their formant target frequencies in isolation or in the hVd context.
Lindblom [3] studied vowel reduction in Swedish. He concluded that the effect of coarticulation could be modeled by a decaying exponential. The constant multiplier and decay time constant were dependent on the vowel and consonant. The longer the vowel (more stress), more closely the normal vowel targets were reached. This study was done on CVC words (where the beginning C and the following C were the same consonant) embedded in carrier phrases. The data was provided by one talker.
Ohde and Sharf [4] studied the effects of voiced stops on vowel formant targets. They found that the effect of voiced stops on vowel reduction was greater for preceding consonants than for following consonants. Once again this work was done on isolated CVCV utterances.
Broad and Fertig [ 5 ] studied vowel coarticulation for the vowel /I/ in CVC monosyllables consisting of all possible combinations of 23 consonants plus a silence element. Analysis of variance showed that the superposition principle characterized the results very well. The transition functions for initial and final consonants were in general asymmetric.
A major difference between CVC words in isolation or in carrier phrases and continuous speech is that the timing of the articulators can be more carefully planned in the CVC case. This means that symmetric CVC's are more nearly symmetric, and the vowels in CVC's are longer than in connected speech. Consonant clusters in continuous speech can have a cumulative effect on the vowel formants. These complex interactions must be studied in continuous speech, using the results from the CVC studies as a guide. Also prepausal lengthening and duration changes due to stress mean that the vowel durations are much more variable than the isolated CVC word case.
Several methods of compensating for vowel coarticulation have been proposed. However, none of these methods has been tested on large amounts of speech data. The mcat promising methods use some measure of the formant slopes near the vowel t o compute an adjusted formant frequency.
A recent paper by Kuwahara [l] tested coarticulation renormalization for vowels in Japanese sentences. Since Japanese is a CV language, these results may not hold for a language with a more complicated syllable structure like English. This method used a symmetric Gaussian function in time t o compute a renormalized formant trajectory for the first and second formants. The technique was motivated by perceptual studies of vowel sequencies and auditory modeling. UP ing the 5 vowels /i/, /e/, /a/, Io/, and /u/ from Japanese, the method was successful in eliminating most of the confusion of these vowels in Fl-F2 space. Before the method was applied there was considerable confusion due to centralization.
A similar scheme has used by us to compensate for vowel coarticulation in American English. Seven American English monothong vowels (/i/, /I/, /eh/, /ae/, /a/, / o / , and 1111) were studied. Two continuous speech data bases were used which contained 1853 exemplars of these vowels. The data shown in this paper is for 225 vowels out of the 1853. The formant tracks obtained automatically were examined for accuracy. Approximately 50 of these vowels were not used in the study because of formant tracking errors due to nasalization. The major questions to be answered by this study are 1) Does this method work well for English? 2) Does it compensate adequately for coarticulation from semi-vowels? 3) Can the use of other functions than Gaussian8 improve the performance of the compensation? 4) Do adjustments of the width of the Gaussian have to be made to account for coarticulation at different speaking rates?
In addition, some other compensations are being tested. One uses decaying exponentials to compensate for coarticulation. Another one uses different curves derived from the work of Broad [0] for compensation. Broad proposed several families of decaying exponentials for each class of consonants and the principle of superposition for the effects of preceding context and following context. None of the data from these other compensations is shown in this paper.
The compensations have the potential to improve the vowel recognition in continuous speech.
Speech Data Bases
Two data bases of continuously spoken sentences were used in the experiment. The first, the CMU Cot-Cola Database, was collected and labeled at Carnegie-Mellon University by the Speech Recognition Group. It contains 600 sentences from the Harvard list, 10 spoken by each of 32 male and 28 female speakers. The speech was directly digitized using a 16 bit AD converter sampling at 10 k samplesJsecond. A cardioid microphone was used in a computer terminal room, which provided fan noise and some low level background speech.
The second speech data base was collected and labeled at NBS. It contains 20 sentences spoken by 5 male and 3 female speakers. The sentences contain words with the seven vowels /i/, 111, /eh/, /.e/, /a/, 101, and /u/ in most contexts from the neutral h.d context to glides and semivowels. The speech was collected in a sound isolation booth using a Shure SM-10 close talking microphone on one channel and a B&K pressure microphone on the other channel of a Sony PCM-F1 digital audio processor. The output of the close talking microphone was direct digitized using a 16 bit AD converter sampling at 16 k samples/second. The talkers produced the sentences at their normal speaking rate and at a "fast" rate. The fast speech resulted from instructing the talkers to speak as rapidly as possible without obvious mispronunciations. A list of the sentences is given in Table 1.
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He led the hot head to the yacht. The rat rode the door to the weedy lot. The rude lad had hoped to wed the doll. Yes, the yak wore a red yoke. He wooed her with his lewd wit. She woke hearing a roar in her ear. The yeast dough rose against the lid. You'd better load the real gun. We'll lead them to the lead rod. You're getting rid of this wad. The deer wagged its tail and ran to the well. The crude fiber deal yielded no profit. The doll liked the yacht tour very much. The well rod rode against the rule. The old yoke decorated the room. The wad of gum was on a lid behind the door. Will we dare hold the rally next year? That year the Dallas gang war was in a tar yard. The rule was yelled by the leering judge. According to lore Dirty Larry wallowed in the rill. The number of exemplars of each vowel in the two data bases is shown in Table 2 . The CMU and the NBS data bases had only a small number of /uw/ vowels, so we were not able to study these as extensively as the other vowels.
Distribution of Vowels Vowel
Formant Tracking
Automatic formant tracking is a difficult task which requires care at every step of the procedure. The formant tracker which we have developed uses anharmonic pitch synchronous Fourier transforms as the input data. Major peaks in the log magnitude squared spectrum are selected using amplitude and area. Data structures which retain the time history of the peak frequencies are searched for continuous formants. Only as a last step in the process are the formants assigned labels as first formant, second formant, etc. Since the data used in this paper only require first and second formants, only this data is shown here. A detailed discussion of this formant tracker and its performance will be presented in a later paper. Figure  2 shows the output of the formant tracker superimposed on a wide band speech spectrogram. At present strongly nasalized vowels with split first formants can have the nasal formant identified as the second formant. A special technique is being developed to eliminate this error.
Vowel Formant Targets
In order to find the vowel target frequencies, two techniques were used. The first replicates the usual technique of taking the temporal midpoint of the region with the vowel label. Figure 3 shows the male data with 225 vowel targets using this technique.
The second technique is to take the target to be the place with the minimum average slope for the first and second formant. Thus if the "steady state" region is shifted due to coarticulation, it will be captured in this technique. Figure 4 shows the result of using this technique on the vowels presented in Figure 3 . The first technique seems to produce better results in that the vowels of the same identity cluster in more compact regions. However the effect is not so pronounced to clearly indicate that the first technique is best. The vertical rows of labels in the figures are due to the quantization of the FFT, which has a resolution of 60 Hz. The results for the females is similar but will not be shown because of the size limit for this paper.
Renormalized Vowel Formant Targets
The Kuwahara method was applied to the vowel formant trajectories and the resulting renormalized vowel formants obtained. The two methods were employed with the target frequency being determined by the regular formant trajectory in method 2. One detail of our present implementation differs from the original Kuwahara method, we do not extend the formants into the consonants for voiceless consonants. This should effect a maximum of 113 of the data. Efforts to do a linear extension of the formants produced worse results. This discrepancy will be corrected in future work. Figure 5 shows the male ?- 
Discussion
By examining Figures 3-6 in detail we see that the Kuwahara method does not produce the same spectacular results for American English that it does for Japanese. Perhaps this is due to the CVCV structure of the Japanese language. The Kuwahara renormalization shifts some of the target frequencies in the direction of the usual regions for these vowels. The /I/ vowels which are mixed with the /iy/ vowels are moved to regions of higher F1 and thus generally out of the /iy/ region. However the separation between the regions is not large. On the other hand one of the /ow/ vowels was moved into the /uw/ region. The separation between /iy/ and /uw/ were made less by the renormalization. The vowel /iy/ was shifted to a second formant fre- space. We are presently studying other coarticulation compensation techniques in order t o find one suitable for English.
